Abstract-This paper solves a particular incremental motion control problem, which is specified by the trapezoidal velocity profile, using multisegment sliding mode control. Each segment of the multisegment switching surfaces is designed to match the corresponding part of the trapezoidal velocity profile, so that the motor dynamics on the specified-segment switching surface have the desired velocity or acceleration corresponding to the trapezoidal profile. The multisegment sliding mode control is applied to a synchronous reluctance motor system to demonstrate its effectiveness. A PC-based prototype system is built to verify the validity of the proposed scheme.
I. INTRODUCTION

I
N THE past decade, dc motors have been widely used in factory automation as high-performance drives. However, the mechanical commutators and brush assembly make dc motors much more expensive than ac motors. Besides, the use of mechanical commutators may produce undesired sparks, which are not allowed in some applications. The inherent disadvantages of dc drives have prompted continual attempts to find better solutions instead of dc drives. An attempt was made to use ac drives including synchronous and induction drives. Nevertheless, the synchronous motor needs slip rings, brushes, and insulated winding on the rotor. On the other hand, the induction motor has not been widely used in high-performance drives due to its high nonlinearity and time-varying characteristics.
Traditionally, synchronous reluctance motor (SynRM) has been used as a drive source for many years and has been regarded as dynamically inferior to the synchronous and induction motors. However, the SynRM exhibits advantages of simple construction and relatively simple control. For example, it mechanical simplicity is marked by the absence of slip rings, brushes, and dc field windings. For the control point of view, the SynRM is simpler than the induction motor, which requires the computation of the slip in high-performance servo drives. In view of these advantages, many researches have devoted fresh attention to the control of the SynRM [1]- [8] .
Variable structure control (VSC) or sliding mode control (SMC) has been known as a very effective way for the position and velocity control of motors because it possess many advantages, such as insensitivity to parameter variations and external disturbance rejection, and fast dynamic responses. Consequently, VSC has been widely used in dc and ac motor drives [9] - [15] . The system dynamics of a VSC system can be divided into two phases: the reaching phase and sliding phase. The robustness of a VSC system resides in its sliding phase, but not in its reaching phase. In other words, the system performance of the VSC system is mainly designed in the sliding phase. Therefore, the reaching phase is designed to force the system trajectories into the sliding phase as soon as possible. The system dynamics in the sliding phase are described by an equivalent autonomous system with exponential stability. Using VSC, Liu and Lin [7] presented the speed control of SynRM drives in which the speed dynamics in the sliding mode exponentially converge to the desired speed. This means that the conventional VSC cannot satisfy the requirement if a constant acceleration is needed. Furthermore, it was pointed out by [16] that the direct inductance of the SynRM is affected by the operating frequency. Thus, a robust speed controller is necessary when the SynRM is used for adjustable speed.
Consider some control applications, such as robot, elevator, and machine tool drives; we want to move a given load, stop it at a specified position, and hold it there until a subsequent motion command is initiated. This kind of start-stop motion is called the incremental motion. To make sure the load can be moved to the specified position at specified time, a desired velocity profile is designed beforehand. One of the most commonly used velocity profiles is the trapezoidal velocity profile. It includes three parts: constant acceleration, constant velocity, and constant deceleration. However, constant acceleration and velocity cannot be designed by using the conventional VSC. Accordingly, this study proposes a multisegment sliding mode control in accordance with the trapezoidal velocity profile for a SynRM drive. It also shows that the reaching phase of the conventional VSC does not exist in the multisegment sliding mode control, because the system dynamics are in the sliding mode at the start. Consequently, the robustness of the controlled system can be assured from start to finish. Finally, the multisegment sliding mode control is applied to the synchronous reluctance motor system to demonstrate its effectiveness with both simulations and experiments.
II. SynRM MODELING AND TORQUE CONTROL
The -axes dynamic equations for SynRM are described as [4] (1) (2) where and are the , axis stator voltages; and are the , axis stator currents; and are the , axis inductances;
is the stator resistance and is the electric frequency.
The corresponding electromagnetic torque production is (3) or (4) where is the pole number of the motor; is the current angle;
, and
The associated mechanical equations are
where is the rotor angular displacement; is the rotor velocity; is the inertia moment, and is the damping coefficient.
There are four torque control strategies for the SynRM [4] . They are: maximum torque control, maximum power factor control, maximum rate change of torque control, and constant current in inductive axis control. To have the property of maximum torque per ampere generation, the maximum torque control (MTC) strategy will be adopted in this study.
The MTC mode sets the current angle for a positive torque generation and for a negative torque generation. Therefore, the torque equation (4) becomes (8) where ; for a positive torque and for a negative torque. The concept of MTC is shown in Fig. 1 . In it, is the rotor position with respect to phase A current vector; -andaxes are the stationary and synchronously rotating -axes; respectively. Besides, a positive torque is generated by placing a current vector along the rotating direction. On the other hand, a current vector is placed against the rotating direction to generate a negative torque. 
III. INCREMENTAL MOTION CONTROL OF SynRM
The rotor dynamics and the MTC torque equation of the SynRM given in (6)-(8) are rewritten as follows: (9) The incremental motion is to move an object at rest at time to a fixed desired position at time , and then stop it. The control process is subjected to the desired velocity and acceleration. So the incremental motion control is performed under velocity control in obedience to a desired velocity profile, whereas stopping is done by position control mode. One first has to select a velocity profile which rapidly changes the load position in discrete step. The velocity profile (i.e., the motor and load angular velocity as a function of time) should satisfy the motion constraints of the system. The velocity and acceleration limitations are generally taken into consideration for the determination of velocity profile. To satisfy the velocity and acceleration limitations, a trapezoidal velocity profile is usually used. The trapezoidal velocity profile is shown in Fig. 2 . It can be seen that the trapezoidal velocity profile is composed of three parts: acceleration (from time to ), run (from time to ), and deceleration (from time to ).
Unfortunately, it is not easy to control the motor motion in accordance with the given trapezoidal profile. Because the system dynamics are subjected to unknown load perturbations. There- fore, the object here is to design a multisegment sliding mode controller according to the trapezoidal velocity profile shown in Fig. 2 with 1 ) acceleration segment (acceleration ); 2) run segment (velocity ); and 3) deceleration segment (deceleration ), so that the motor rotates in obedience to the trapezoidal velocity profile despite of the load perturbation.
With a specified rotor position , which is assumed to be a constant, one first defines the position error and its derivative as (10) Combining (10) with (6) and (7), one obtains (11) (12) Note that (11) and (12) hold because the specified position is a constant.
According to the error dynamical equations (11) and (12), a multisegment SMC is proposed to drive the motor from initial position to the specified position according to the trapezoidal velocity profile given in Fig. 2 .
The multisegment SMC is composed of two modes, the velocity control mode and position control mode. The velocity control mode is used to drive the rotor to the desired position and has three segments, while the position control mode includes only one segment and is used to hold the rotor on the desired position.
A1. Velocity Control Mode
In this mode, three sliding mode segments ( , , and ) are given, corresponding to the constant acceleration ( ), constant velocity ( ), and constant deceleration ( ). Note that is not necessarily equal to . i) Acceleration segment (13) where is the initial position error. The acceleration segment ensures that the motor dynamics sliding on the segment have the desired acceleration .
To check the motor acceleration on , one only needs to take the derivative of (13) with respect to time,
Because
, it is obvious Thus, the motor dynamics on the acceleration segment (13) have the desired constant acceleration . Remark 1: Note that is also a solution of the equation . However, in view of (12) 
ii) Run segment (14) It is apparent that if the motor motion stays on the segment , the motor velocity , which totally matches the constant velocity part of the trapezoidal velocity profile. Therefore, after running motor at constant speed during the time interval , the motor should be decelerated at in accordance with the trapezoidal velocity profile. iii) Deceleration segment (15) Similar to the acceleration segment, one can check the motor deceleration on by differentiating (15) with respect to time Accordingly, the motor dynamics on have the desired deceleration . Remark 2: It has been shown that the motor dynamics on the switching surfaces , , have the acceleration , run velocity , and deceleration , respectively. Therefore, the motor can be driven to the specified position in accordance with the given trapezoidal velocity profile by sequentially starting the surfaces , , and at time , , and , respectively.
After the motor motion is driven to the specified position in accordance with the trapezoidal velocity profile, stopping should be made by switching the velocity control mode to the position control mode when motor rotates to the desired position at time .
A2. Position Control Mode:
In the position control mode, the following position control segment is proposed: where is a positive constant.
Remark 3: Note that in the conventional SMC, only one sliding mode (16) is used; in the multisegment SMC, however, the sliding mode (16) is adopted only when the motor rotates to the desired position. The difference between the conventional SMC and the multisegment SMC is that the reaching phase exists in the conventional SMC rather the multisegment SMC.
The previous analysis shows that motor dynamics on the switching surface , , completely match the trapezoidal velocity profile of the incremental motion. However, keeping the motor dynamics on , , is difficult because of the existence of disturbance load. To keep , a control law should be designed to satisfy the following sliding condition.
Lemma [17] : If a switching surface of the controlled system satisfies the following sliding condition: (17) then the existence of the sliding mode, , is assured. The desired control law to ensure the sliding condition, (17), will be expressed in the following form: (18) where and are parameters to be designed in accordance with the corresponding sliding segment.
B1. Velocity Control Mode
First, the acceleration segment is considered. The parameters and in (18) will be designed to satisfy the sliding condition of the acceleration segment (19) To ensure the validity of (19), one can differentiate (13) with respect to time combined with (11), (12) , and (18). After some manipulations, one has (20) Accordingly, if the following gains, and , are given, the sliding condition of the acceleration segment (19) is satisfied:
where and . Note that the acceleration segment control is used to accelerate the system at rest to the desired velocity with acceleration during the time period . The motor velocity will reach the expected run value at time . At , the control will be switched to the run segment . Likewise, to maintain the motor dynamics sliding on the run segment, one has to ensure the sliding condition of the run segment 
B2. Position Control Mode
After the velocity control mode is completed, the motor has been rotated to the desired position . At this moment, stopping should be made by switching the velocity control mode to the position control mode. Similar to the velocity control mode, the control object is to maintain the sliding conditions of the position control mode, . To this end, the following control law is proposed: 
IV. SIMULATION RESULTS
To demonstrate the effectiveness of the proposed control strategy, simulations are first done using SIMNON software. The characteristics of the SynRM are given in the Appendix. The control object is to rotate the motor radians in 0.6 s obeying the trapezoidal velocity profile with rad/s , rad/s , rad/s, s, s, and s. The control gains and are set as , for , . For comparison, the conventional SMC is used to drive the system to the same position. Because the system dynamics on the conventional sliding mode converge at the rate of . is set to have the settling time of 0.6 s. Simulation results of both methods are shown in Fig. 5 under nominal conditions. Fig. 5(a)-(c) , respectively, show the position responses, velocity responses, and phase plane trajectories controlled by the conventional SMC and the multisegment SMC. Fig. 5(a) shows that both control methods guarantee that motor rotates to the desired position. However, the long settling time of the conventional SMC is due to the existence of reaching phase. Note that Fig. 5(b) shows both the velocity and acceleration responses controlled by the conventional SMC overshoot the desired velocity and acceleration. The main reason is due to the uncontrollable reaching phase of the conventional SMC. The related phase plane trajectories are shown in Fig. 5(c) .
Next, to demonstrate the robustness of the proposed control method, simulations are made under three conditions: nominal system, system with sudden load, and system with uncertain parameters. Fig. 6 gives the position responses of: 1) nominal system; 2) system subjected to sudden 1.5 Nm load at 0.1 s; and 3) uncertain system with reduced to two-thirds of its nominal value and with an impact load at 1.2 s. Comparing the responses given in Fig. 6 , one sees that the proposed multisegment SMC-based SynRM system is robust to the parameter perturbation and external load disturbance.
V. EXPERIMENTAL SYSTEM AND RESULTS
A. Experimental System
To confirm the feasibility of the proposed control scheme, a prototype PC-based SynRM control system is built. The system is composed of the Pentium PC, a 12 bit D/A converter, a 1.5 hp SynRM, and a hysteresis current controlled PWM inverter. The multisegment SMC algorithms are implemented by the Pentium-166 PC. The position signal is sensed by a 2000 pulse/rev encoder and is fed back to the PC through a 16-bit up-down counter. To evaluate the robustness of the proposed control scheme, the SynRM is directly connected to a brushless dc motor, which provides a controlled counter torque as a load disturbance. The program of managing data input-output is written by the assembly language. The multisegment SMC control algorithm is developed in the mathematical coprocessor language. A sampling frequency 5 KHz is used for the position and velocity control loop. Experimental data are collected by PC and processed by MATLAB software. The block diagram of this experimental system is shown in Fig. 7 .
B. Results
To demonstrate the validity of the proposed control method, experiments with control object identical to the simulations are done. Experimental results adopting the multisegment sliding mode control and the conventional SMC are given in Figs. 8 and 9 for comparison. Fig. 8(a) and (b) , respectively, show the position and velocity responses of the system without load. From Fig. 8(b) , it is seen that the velocity response of the multisegment SMC matches the trapezoidal velocity profile, while that of the conventional SMC exceeds the maximum velocity. Moreover, the conventional SMC has a slower response than the multisegment SMC due to the reaching phase. The corresponding phase plane trajectories are given in Fig. 8(c) . It is shown that the reaching phase exists in the conventional SMC but not in the multisegment SMC. The related current responses of phase A are given in Fig. 8(d) and (e). To evaluate the system robustness, a 1.5 Nm load generated from a controlled brushless dc motor is added at s. The sudden 1.5 Nm load at 0.1 s is to show that the conventional SMC is not as robust as the multisegment SMC because of the reaching phase. The position responses with and without load controlled by the conventional SMC and multisegment SMC are shown in Fig. 9 . As expected, the system response controlled by the multisegment SMC is less affected by the load perturbation than the one controlled by the conventional SMC.
VI. CONCLUSION
This study has presented the multisegment sliding mode control according to the trapezoidal velocity profile. It has shown that the dynamics of the multisegment sliding mode controlled SynRM fully satisfied the desired velocity and acceleration of a motor in the velocity control mode of the incremental motion, and it is invariant to the perturbations. It has also shown that the proposed method is more suitable than the conventional VSC for the incremental motion control of the SynRM. The validity of this study has been examined by simulations and experiments. He is currently an Associate Professor in the Department of Electrical Engineering, National Chin-Yi Institute of Technology, Taichung, Taiwan. His interests include motor control, PC-based control systems, and digital signal processing.
